The new instantaneous phasor method originated by the author is applied for the evaluation of efficiency of induction motors installed in the field.
I. INTRODUCTION
Induction motors are the most commonly used motors in industry. Motor efficiency is the ratio of shaft output power to motor input power. IEEE Std 112 [l] presents many methods for induction-motor efficiency tests that may not all be suitable for field efficiency evaluations.
When the power supply is balanced and contains negligible harmonics, various modified versions based on Method El of the IEEE Std 112 [l] can be quite accurate for conventional induction motor field efficiency evaluations.
An unrealistic interpretation of Method E is that under any motor load, the losses produced by the negative fields associated with unbalanced supply voltages and harmonics are accurately represented by the no-load loss. These negative sequence fields are assumed to be nearly constant over the entire load range, because the speed difference between full load and no load is small. Consequently, the 'slip variation is minute and the negative sequence impedance as well as the negative sequence currents remain the same. From this interpretation it follows that under any load the loss associated with the negative sequence fields is the same as this loss at no load. This leads to the interpretation that the effects of unbalanced voltages and harmonics are fully covered in Method E.
This interpretation is incorrect for motors operating in the field. In the real world there is supply impedance. The motor terminal voltages do change a little as the load varies. The tested fundamental fkquency voltages and, in particular, the currents of the positive and negative sequence components change at different loads under an unbalanced supply [2, 31. The no load loss does not represent the negative sequence losses when the motor is loaded.
In Method E the input power is used as the base to subtract various losses for the output power. The negative sequence losses that are not completely represented by the no load loss increase the input power. Consequently, the estimated output power is higher. The air-gap-torque method [2, 31 presented by the author overcomes this problem.
The undesirable effect of negative-sequence voltages and currents can be evaluated through an alternative approach. This paper presents an example that uses the instantaneous phasor method [4, 51 originated by the author to evaluate efficiencies of induction motors installed in the field. The instantaneous phasor magnitude, V , of V,, vb, and V, can be derived from (4), (3), and (2). The result is that Alternatively, the instantaneous phasor magnitude, V , of V,, Vb, and V, can be derived from a phase, for instance, phase-a. 
TRAJECTORIES OF INSTANTANEOUS PHASORS
The field tested voltages and currents at full load of a 7.5-hp, 4-pole induction motor are shown as follows. Accordingly, the phasor-a imaginary portion, vUq , and the real portion, va -v,, can be calculated through (3) and (4). Consequently, the instantaneous phasor magnitude, V, is computed from (6) or (7).
The second harmonic of the instantaneous phasor can be obtained through a second-order-harmonic band pass filter. Since only zero crossing points of the second harmonic are of interest, a low-Q filter that normally has fast response is good enough. The positive and negative peaks of the second harmonic are 45-degrees apart from the zero crossing points and are used to find the initial and synchronization phasors' positions. Alternatively, a FFT may be used for the same purpose. The fundamental voltage and current phasors of phase a are given in Figs. 6 and 7. They are not in perfect circles because of the unbalanced voltages and currents. Their positive and negative-sequence components can be obtained simply by the maximum and the minimum magnitudes of the instantaneous phasors, respectively. As an example, the positive and negative-sequence trajectories of the current instantaneous phasor are illustrated in Fig. 7 .
Subsequently, the positive-sequence power and negativesequence power, which equals the fundamental-frequency power minus the positive-sequence power, can be obtained. Derivation of the active power components is given in the Appendix.
Other harmonic powers, such as the fifth harmonic power can also be obtained in a like manner as demonstrated for the fundamental-frequency powers.
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Fig. 7 Fundamental-frequency, phase-a current instantaneous phasor trajectory
IV. EFFICIENCY
It is reasonable to assume that the parameters of the three phases of a three-phase induction motor are basically balanced. The fundamental-frequency negativesequence power produces an opposite torque that is not helping the useful output, and can be considered as a loss. The fifth-harmonic and all the other normally small negative-sequence harmonics power produce similar losses. The zero-sequence power also produces no useful power. Therefore, the output power of an induction motor is the input power minus the stator copper loss, the fundamentalfiequency negative-sequence power, the fifth harmonic and other negative-sequence harmonics (Sth, 1 lth, etc.) power, the zero-sequence power, the core and friction losses that are either obtained from no-load or from estimation, and the rotor copper loss estimated by the rotor slip that is measured from a speedometer. A certain stray loss that needs to be evaluated statistically should also be considered for the output evaluation. Efficiency is the ratio of the motor output to the motor input power.
For simplification one may conservatively assume that the sum of the undesired power components, such as the fundamental-frequency negative-sequence power, the fifth harmonic, other negative-sequence harmonics (Sth, 1 lth, etc.) powers, and the zero-sequence power, is close to the average input power minus the fundamental-frequency positive-sequence input power.
Estimated and statistical data are normally used if the required data cannot be practically obtained. However, the accuracy of the evaluation diminishes when fewer measurements are taken. 8 shows the comparison between the efficiencies that are measured by the torque gauge and the efficiencies obtained from the instantaneous phasor method at different loads. A reasonably good agreement is observed. The motor being tested is a 7.5-hp, 4-pole induction motor. The three-phase supply voltages are slightly unbalanced. Since no stray-load loss has been taken into account in the evaluation, the efficiencies obtained from the instantaneous phasor method are slightly higher than the efficiencies obtained from the torque-gauge method.
V. CONCLUSIONS
The unique property of the instantaneous phasor method is that the phasors of one phase can be used to represent all three phases. The active power components that include the fundamental-frequency, positive-sequence, negative-sequence, and the harmonic power components are studied in this paper.
The output power of an induction motor is the input power minus the stator copper loss, the fundamentalSequency negative-sequence power, the fifth harmonic and other negative-sequence harmonics (8th, 1 lth, etc.) power, the zero-sequence power, the core and friction losses that are either obtained from no-load or from estimation, and the rotor copper loss estimated by the rotor slip that is measured from a speedometer.
One may assume that the sum of the fundamentalfrequency negative-sequence power, the fifth harmonic and other negative-sequence harmonics (Sth, 1 lth, etc.) powers, and the zero-sequence power is close to the average input power minus the fundamental-fiequency positive-sequence input power. Efficiency is the ratio of the motor output to the motor input power.
A reasonably good agreement is observed from the comparison between the efficiencies that are measured by the torque gauge and the efficiencies obtained from the instantaneous phasor method at different loads. The three-phase instantaneous active power, p , This is compared with the three-phase instantaneous power, pphasor, calculated from the real components of voltages and currents projected from the instantaneous phasors.
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We have the three-phase instantaneous power
No Average Power Produced from Harmonics Interacting with Fundamental Components
The higher orders of harmonics interacting with the fundamental components do not produce net power over the time period o f one fundamental cycle. This can be proven as follows. ) where the first sine term, s i n q t , is the fundamental component; the second sine term, sin N q t , is the harmonic component; cui is the fundamental angular frequency; t is time in seconds; and N is an integer greater than one.
Average Power of Phasors with Constant Magnitudes and Angular Frequency
The voltage and current phasors having constant magnitudes and rotating at a constant angular frequency, 0, are shown in Fig. 9 . Equation (12) indicates that the average power is equal to half of the magnitude dot product of the voltage and current phasors, or to half of the product of their magnitudes multiplied by the cosine of the angle, @, between the phasors.
Average Power of Instantaneous Phasors
Because of the unique property of the instantaneous phasors, any one phase, such as the phase-a average power, represents one third of the average threephase power. In general the trajectory of an instantaneous phasor is not a circle, and the phasor's angular frequency is not a constant. However, at a given time instant, the instantaneous phasors can be viewed as a set of phasors that momentarily maintain their magnitudes and angular speed without changes. The average three-phase power is the three times the average of the instantaneous averaged power of the phase-a instantaneous phasors over a fundamental cycle. The fundamental cycle naturally covers all the higher order harmonics. 4 Equation (15) shows that because of the unique symmetrical property of the three-phase instantaneous phasors, the power components of three-phase can be obtained through the phasors of one phase. Two independent positive-sequence and negative-sequence power components are obtained.
real
The summation of following terms in the derivation of Equation (15) The fundmenal-frequency, three-phase, positive and negative-sequence, instantaneous voltage and current phasors are shown in Fig. 10 . The suffix, P, is for the positive sequence, and the suffix, N, is for the negative sequence. The products of currents and voltages that contain positive and negative-sequence components yield two independent power components, one positive-sequence The three-phase total active power given by (8) is This average total power yields eotal = 6,099 W.
Total Power Defined by (10) Averaged Over a Cycle
It results in eotal = 6,099 W.
Where from (9) and (13) the first summation term in (17) is 1 N. This term yields 6,097 W for the sample. The instantaneous phasors, V, and Za, of the example are shown in Figs. 2 and 3 .
The second summation term of (17) is the average zero-sequence power component, This term yields 2 Watts. The zero-sequence component, vo, is defined by (2), and io is evaluated in a like manner as given in (2). It gives 27 Watts for the sample case.
The fundamental-frequency, negative-sequence power can also be presented in a format similar to (21).
The conservatively assumed sum of the undesired power components is obtained from the difference of the average input power of (17) and the fundamental-frequency positive-sequence input power of (21).
It yields 6099 W -6067 W = 32 W .
